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ABSTRACT. A supported liquid membrane extraction of different pesticides (acetamiprid, 
dimethoate, imidacloprid, linuron, and tebufenozide) from an aqueous solution containing 20 mg 
dm-3 of each pesticide by 5% TOPO (tri-n-octylphosphine oxide) in DHE (di-n-hexyl ether) has 
been investigated in a hollow fiber contactor having an aqueous feed/organic interfacial area of 
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15.4 cm2. In a single-pass operation, the maximum removal efficiency of 95% was achieved for 
the most nonpolar (log P =4.38) pesticide tebufenozide at the feed flow rate of 0.5 cm3 min-1. 
The diffusion through the boundary layer of the feed stream was a rate-controlling step in the 
extraction of nonpolar pesticides (linuron and tebufenozide) with a mass transfer coefficient in 
the feed stream being proportional to the feed flow rate raised to the power of 0.51-0.57. The 
maximum overall mass transfer coefficient based on the feed phase of KF = 0.18 cm min-1 was 
obtained for tebufenozide at the feed flow rate of 1.8 cm3 min-1. The organic phase entrapped in 
the membrane pores offered a major resistance to the mass transfer of polar pesticides (log P < 1) 
and accounted for 85% of the overall mass-transfer resistance for imidacloprid at 1.8 cm3 min-1. 
The pesticides removed from the feed solution were almost completely accumulated in the 
organic phase, but were recovered from the membrane pores to a large extent (50-90%) by 
rinsing the membrane with methanol after extraction. 
1. Introduction 
Pesticide residues can reach the aquatic environment through direct runoff from agricultural 
land, leaching, careless disposal of empty pesticide containers, and cleaning pesticide application 
equipment. Industrial wastewaters generated by equipment cleaning contain pesticides and 
various ingredients that increase pesticidal activity, improve safety features, and enhance 
handling and storage qualities of pesticide formulations. The concentration of toxic compounds 
in industrial wastewaters should be reduced to acceptable levels before they can be released to 
the receiving water streams. For example, the maximum allowable concentration of pesticides in 
the industrial wastewater discharged into sewage or aquatic environment is 0.05 mg dm-3.1-3 
A wide range of physical, physicochemical, biological and chemical methods can be used to 
remove pollutants from wastewaters including sedimentation, coagulation / flocculation, 
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filtration, adsorption, oxidation processes, distillation, ion exchange, solvent extraction 
processes, dialysis, electodrodialysis, and other membrane separation processes.4 Conventional 
wastewater treatment comprises several stages such as preliminary treatment, primary treatment, 
secondary treatment and tertiary treatment, which depend on the type and concentration of 
pollutants.5 Among advanced wastewater treatment processes, liquid membrane (LM) separation 
techniques have clearly emerged as one of the most promising alternatives to conventional 
processes due to their inherent advantages, such as the ability to perform extraction and re-
extraction simultaneously as a single technological step, to use gradient of chemical energy as a 
driving force, and to transfer pollutants from an area of low concentration to an area of high 
concentration because of the non-equilibrium nature of the process, thereby achieving 
simultaneous purification and concentration of pollutants.6 
A variety of different LM configurations have been used in wastewater treatment: bulk LM, 
surfactant or emulsion LM, supported LM (SLM), electrostatic pseudo LM, supported emulsion 
LM, hollow fiber contained LM, hollow fiber renewal LM, etc.6--9 The advantages of LM over 
conventional liquid-liquid extraction and solid membrane techniques are in high enrichment 
factors and fluxes, low consumption of energy, low consumption of extractant („green 
chemistry“) due to its continual regeneration by re-extraction, low capital and operation costs, 
and ease of operation and control. 
Non-dispersive liquid-liquid membrane extraction (LLME) has been used for the removal of 
metal ions, such as Cu(II)10 and Cr(VI)11, and organic pollutants12 from wastewater, separation of 
radionuclides,13,14 extraction of pesticides from natural waters,15 etc. Two types of LLME have 
been used: (i) two-phase system, where the aqueous phase is at one side of the membrane and the 
organic phase partly in the membrane pores and partly at the other side of the membrane, and (ii) 
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three phase system (SLM), where the organic phase is in the membrane pores and the two 
aqueous phases (feed and stripping) are at the opposite side of the membrane. LLME can be 
performed with flat sheet membrane and hollow fiber membrane.15 
The advantages of non-dispersive LLME are: (i) since the mixing of phases is avoided, 
problems of flooding, loading or downstream phase separation cannot occur, so that the feed and 
solvent flow rates can be adjusted independently and the difference in density between the 
aqueous and organic phase becomes unimportant leading to a greater choice of solvents; (ii) the 
specific interfacial area of 500-5000 m2 m-3 is very high compared to 20-500 m2 m-3 in 
conventional contactors; and (iii) the process can be automated. The problems that hindered the 
wider application of LLME for industrial wastewater treatment are the poor stability of LM 
leading to the leakage of organic phase from the pores and the existence of membrane resistance. 
Several modifications have been made to reduce the loss of organic phase, including gelling and 
polymerization of LM in the pores and the formation of a thin polymeric coating over the 
membrane pores.16 
Wastewater treatment technologies for removal of pesticide active ingredients include 
emulsion breaking by acid addition and temperature control, activated carbon adsorption, 
chemical oxidation (usually by sodium hypochlorite), chemical precipitation (in the form of 
sulfides, hydroxides, and carbonates), and hydrolysis.17 The removal of pesticides in a 
wastewater treatment plant depends on the type of pesticide and the separation process applied. 
Morasch et al.18 found that the treatment based on chemical precipitation followed by either 
sedimentation or an activated sludge process resulted in high removal efficiencies (70-98%) for 
chloridazon, tebufenozide, IPBC, and irgarol, the removal of carbendazim, diazionon and 
terbutryn was poor, whereas some pesticides such as atrazine, mecopropo, and propiconazole 
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were not eliminated at all. Singer at al.19 found that the removal of several pesticides in a 
wastewater treatment plant after secondary (activated sludge) and tertiary (sand filtration) 
treatment were below 50%. Gupta et al.20 removed 91%, 82% and 72% of methoxychlore, 
atrazine and methyl parathion, respectively using activated carbon adsorption. They correlated 
the degree of adsorption achieved with octanol/water partition coefficient (log P). 
Removal of pesticides from industrial wastewaters was found to vary significantly due their 
versatile chemical composition (they contain different functional groups and exhibit a wide range 
of polarity and acidic characteristics), their concentrations are variable and the matrix is 
complex. In our previous study, we have investigated the effects of physicochemical properties 
of pesticides and extractant type on two-phase membrane extraction of 16 different pesticides 
from the river water.15 The experiments were performed in a single hollow fiber device and the 
aim was to determine of very low pesticides concentration in natural water samples. The main 
propose of this study was to investigate the removal of targeted pesticides from the aqueous 
solution using supported liquid phase extraction in a self-constructed hollow fiber (HF) 
contactor. Five pesticides of different polarity were chosen as a model system. The experimental 
conditions are selected based on our prior experience.15 The influence of feed flow rate and 
physicochemical properties of pesticides on the removal efficiency, the overall mass transfer 
coefficient and the overall mass-transfer resistance were investigated. The applicability of 
supported liquid membrane (SLM) extraction for single-stage processing of industrial 
wastewaters was discussed. 
 
2. Experimental 
2.1 Materials 
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The following pesticides were studied in this work: acetamiprid (ACT, N-[(6-chloro-3-
pyridyl)methyl]-N'-cyano-N-methyl-acetamidine), dimethoate (DIM, O,O-dimethyl S-[2-
(methylamino)-2-oxoethyl]dithiophosphate), imidacloprid (IMI, N-[1-[(6-chloro-3-
pyridyl)methyl]-4,5-dihydroimidazol-2-yl]nitramide), linuron (LNR, 3-(3,4-dichlorophenyl)-1-
methoxy-1-methylureum), and tebufenozide (TEB, N-tert-butyl-N'-(4-ethylbenzoyl)-3,5 
dimethylbenzohydrazide). All pesticides (purity 95% w/w) were obtained from Galenika-
Fitofarmacija A.D. (Zemun, Serbia). Tri-n-octylphosphine oxide (TOPO), di-n-hexyl ether 
(DHE), methanol, n-isopropanol, and HCl were of analytical grade and purchased from Sigma-
Aldrich (St. Louis, MO, USA). Celgrad X-20 microporous hydrophobic polypropylene HF 
membrane was obtained from Hoechst Celanese Co. (USA). 
Stock solutions of pesticides (200 mg dm-3) were prepared in methanol and stored at -20oC. 
Aqueous feed solutions containing 20 mg dm-3 of each pesticide were prepared on a daily basis 
by an appropriate dilution of the stock solution with Milli-Q deionized water (Millipore 
Corporation, Bedford, MA, USA).  
2.2 Experimental setup and procedures 
A microporous hollow-fiber contactor was constructed according to the design reported 
previously.21, 22 The HFs were inserted in an open glass tube and potted by epoxy resin at both 
ends of the tube. Inlet and outlet ports were connected to the extracapillary space of the contactor 
to provide flow of the acceptor phase outside the fibers. The main characteristics of the contactor 
and HF membrane are given in Table 1. All materials used in the contactor were resistant to HCl, 
DHE and TOPO. 
Table 1. The characteristics of the hollow fibers and membrane contactor used in this work. 
Length of contactor, cm 15.0 
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Inner diameter of glass shell, cm 1.4 
Number of fibers in module, N 50 
Effective fiber length, L, cm 12.0 
Inner fiber diameter, di, µm 280 
Outer fiber diameter, do, µm 660 
Thickness of fiber wall, δ, µm 190 
Pore diameter, dp, µm 0.1 
Membrane wall porosity, ε, % 28 
Effective outer surface area of the 
membrane, Ao, cm2 37.4 
Effective inner surface area of the 
membrane, Ai, cm2 
15.4 
Volume of organic phase, Vo, cm3 0.4 
 
The experimental rig shown in Fig. 1 consisted of a hollow fiber contactor (C), three glass 
reservoirs of 100 cm3 volume for the feed (donor) solution (F), raffinate (R) (the feed solution at 
the outlet of the contactor) and the acceptor phase (A), two variable speed peristaltic pumps (P1 
and P2) (Masterflex C/L, Cole-Parmer Instruments Co., USA), and Masterflex Norprene tubing 
with an inner diameter (ID) of 0.56 mm or 0.89 mm (PharMed, Cole-Parmer Instruments Co., 
USA). The tubing of 0.56 mm ID was used only when the flow rate was 0.5 cm3 min-1, while the 
0.89 mm ID tubing was used for all other flow rates. The similar experimental set-up was used in 
previous investigations.21--23 
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Figure 1. Schematic diagram of the experimental set-up: C - contactor, P1 - P2 - peristaltic 
pumps, F - feed solution, A - acceptor solution, R- raffinate. 
Since the membrane was hydrophobic, the pores were filled with the organic phase (5% TOPO 
in DHE), which was done by pumping the organic phase through the lumen of the HF. After 
filling the membrane pores with the extractant, both sides of the membrane were rinsed with 
water. The extracapillary space of the contactor was then filled with the acceptor phase (2 mol 
dm-3 HCl), which was kept stagnant during the extraction process. The feed solution was 
continuously pumped through the lumen of the fibers at a flow rate ranging from 0.5 to 1.8 cm3 
min-1. Samples of 0.5 cm3 were taken at the outlet of the feed phase, in regular time intervals, 
and used to determine the pesticides concentration. The concentration of pesticides in the 
acceptor phase was determined at the end of the extraction. All experiments were carried out at 
constant temperature of 22oC. 
After each experiment, the acceptor was first removed from the shell of the contactor. The 
lumen side of the fibers was rinsed with 5 cm3 of methanol and then with plenty of water under 
relatively high flow rate to force water through the pores and finally, the glass shell was rinsed 
with water. 
Chromatographic analysis was performed using Agilent 1100 liquid chromatograph (Agilent 
Technologies, USA) with Zorbax XDB-C18 column (4.6 mm × 250 mm, 3.5 μm particle size, 
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Agilent Technologies, USA) and diode-array detector at 254 nm. The flow rate was 0.7 cm3 min-
1 and an aliquot of 20 µl of the sample was injected into HPLC system. The mobile phase 
consisted of methanol (A) and deionized water (B), using the following gradient profile: 0.0 min 
43% A and 57% B, then 7 min 70% A and 30% B, and 20 min returned to the initial 
composition. The system was controlled by the ChemStation software. 
The partition coefficients, mF, of the pesticides between the organic phase (5% TOPO in DHE) 
and the feed phase were determined by mixing 0.2 cm3 of the extractant and 5 cm3 of the feed 
solution for 2 min in the vortex agitator followed by shaking for 1 h on the laboratory shaker. 
The dissociation constants, pKa, and n-octanol-water partition coefficients, log P, of the 
investigated pesticides were calculated using the computer software ACD/Labs PhysChem Suite 
v12 (Advanced Chemistry Development Inc., Toronto, Canada). 
3. Theoretical background 
3.1. Efficiency of SLM extraction process 
The efficiency of mass transfer of a pesticide through the liquid membrane was evaluated 
using several performance parameters including the removal efficiency (ER), the extraction 
efficiency (E), the mean flux across the membrane (Jm), the overall mass transfer coefficient (KF), 
and the overall mass transfer resistance (R). 
The removal efficiency is defined as the amount of pesticide removed from the feed phase with 
respect to the initial amount of pesticide in the feed phase: 
( )
in
F
out
F
in
F
R C
CC
E
−
=     (1) 
where inFC  and outFC  is the pesticide concentration in the feed and raffinate, respectively. 
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The extraction efficiency is the ratio between the number of moles of pesticide collected in the 
acceptor phase (nA) and the initial number of moles of pesticide in the feed phase ( inFn ): 
tQC
VC
VC
VC
n
n
E
F
in
F
AA
F
in
F
AA
in
F
A ===    (2) 
where CA is the concentration of pesticide in the acceptor phase, VF and VA is the volume of the 
feed and acceptor phase, respectively, QF is the feed flow rate, and t is the extraction time. ER 
depends on the partition coefficient of pesticide between the aqueous feed and organic phase and 
the feed flow rate in the contactor. 
Mass transfer kinetics of pesticide in SLM extraction system can be described using the 
resistance-in-series approach. According to this approach, the mass transfer of a solute through 
SLM includes three steps: (i) diffusion from the feed phase to the feed/organic interface, (ii) 
diffusion through the organic phase entrapped within the membrane pores, and (iii) diffusion 
from the organic/strip interface to the bulk of the acceptor phase.24 If the extraction is 
accompanied by chemical reactions, e.g. formation and decomposition of a solute-carrier 
complex at the feed/organic and organic/strip interface, respectively, the reaction rate terms must 
be included in the mass transfer coefficient.25 For diffusion-controlled mass transfer through 
SLM (i.e. no interfacial complexation reaction or very fast reaction compared to the rate of 
diffusion), the overall mass-transfer resistance is a sum of series resistances comprised of the 
feed phase, organic phase, and acceptor phase: 
AoA
i
FLMM
i
FF mdk
d
mdk
d
kK
R ++== 11   (3) KF is the overall mass-transfer coefficient based on the driving force in the feed phase, kF, kM, and kA are the mass transfer coefficient in the feed phase, the organic phase entrapped in the 
membrane pores, and the acceptor phase, respectively, di, do, and dLM are the inner, outer, and 
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log mean diameter of a hollow fiber, respectively, mF is the partition coefficient between the 
organic phase and the feed, and mA is the partition coefficient between the organic phase and the 
acceptor phase. If the organic phase has a high loading capacity for the solute compared to the 
amount of solute removed from the feed phase, the overall resistance can be regarded as a sum of 
the feed resistance and the membrane resistance:  
MF
FLMM
i
F
rr
mdk
d
k
R +=+= 1    (4) KF can be calculated from the inlet and outlet concentration of pesticide in the contactor at 
steady state: 23,26-28 
( )
LMi
out
F
in
FF
F CA
CCQ
K
∆
−
=     (5) 
where Ai is the effective inner surface area of the membrane(Ai = πdiLNε) with respect of 
membrane porosity, ε, L is the effective fiber length, N is the number of fibers in the contactor, 
and ∆CLM is the log mean concentration driving force in the feed phase. 
The membrane mass transfer coefficient kM can be predicted from the membrane pore 
morphology and the diffusivity of a solute in the extractant: 
δτ
εDkM =      (6) 
where δ and τ are the thickness and pore tortuosity of the HF wall, respectively. D can be 
estimated from Wilke-Chang or Scheibel correlation.29 
The mean flux (Jm) of pesticide across SLM at steady state is given by: 
( ) LMFoutFinF
i
F
m CKCCA
Q
J ∆=−=    (7) 
The effective fiber length (L) can be expressed as a product of the length of a transfer unit 
(LTU) and the number of transfer units (NTU): 
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NTULTU
C
C
NdK
QL out
F
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F
iF
F ×=





= ln4
π
  (8) 
4. Results and discussion 
4.1. Selection of pesticides 
The main characteristics of the investigated pesticides (ACT, DIM, IMI, LNR, and TEB) are 
listed in Table 2. The pesticides have been selected in such a way that they exhibit different 
activity and polarity and belong to different chemical classes. As can be seen from Table 2, the 
targeted pesticides are either very week acids (pKa 0.7 for ACT) or very week bases (pKa higher 
than 10.9). Its means that the selected pesticides are in uncharched form over a wide pH range 
(2-9) covering natural and waste water. The log P values of the targeted pesticides are in the 
range between 0.46 and 4.38, and constant in the pH range from 2.0 to 10.0.15,30 Based on these 
values it can be concluded that more hydrophobic pesticides with log P > 2 can easily be 
extracted using non-polar organic solvents. In this work DHE was chosen as a solvent due to its 
favorable characteristics in membrane extraction, such as long-term stability of SLM.31 In order 
to achieve an efficient extraction of less hydrophobic pesticides (log P < 2), the polarity of liquid 
membrane must be increased by adding polar extractants such as TOPO or tri-n-butylphosphate. 
A high polarity of TOPO is a result of the phosphorus-oxygen bond that can interact with polar 
groups of pesticides through hydrogen bonding. TOPO is miscible in nonpolar solvents such as 
DHE because of the presence of three octyl groups in the molecule. In this work 5% TOPO in 
DHE was used as a liquid membrane to achieve simultaneous extraction of polar and nonpolar 
pesticides.15 Based on log P of the studied pesticides, it can be concluded that these compounds 
cannot easily be reextracted into the acceptor phase. However, three-phase system was selected 
because of very low hold-up volume of the organic phase in the module and based on the 
assumption that the loading capacity of the organic phase was sufficiently high. Due to small 
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amount of organic phase in the module, a three-phase extraction process is safer, cheaper and 
more environmentally friendly than the two-phase process.   
 
Table 2. The main characteristics of targeted pesticides. 
 
aRef. 30 
bdetermined by the computer software ACD/Labs PhysChem Suite v12 
 
 
4.2. Adsorption of pesticides on Norprene tubing 
The adsorption of pesticides on the inner surface of Norprene tubing was investigated by 
pumping the feed solution containing 20 mg dm-3 of each pesticide through the tubing and 
Pesticide 
(Abbr.) 
Chemical class 
(activity) 
Structure pKa log P 
at pH=2-10 
Imidacloprid 
(IMI) 
Neonicotinoid 
(insecticide) 
 
11.2a 
0.46b 
0.57a 
Acetamiprid 
(АCT) 
Neonicotinoid 
(insecticide) CH3
NN N
Cl
N
CH3
 
0.7a 0.8a 
Dimethoate 
(DIM) 
Organophoshate 
(insecticide) 
P SS O
O
O
NH CH3CH3
CH3  
14.4b 1.37b 
Linuron 
(LNR) 
Phenylurea 
(herbicide) 
NH
N
O
Cl
Cl OCH3
CH3
 
12.3b 3.12b 
Tebufenozide 
(TEB) 
Diacylhydrazine 
(insecticide) 
O
CH3
CH3
N
NH
CH3CH3
CH3
O
CH3
 
10.9b 4.38b 
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measuring their outlet concentrations over 180 min. The flow rate was 0.5 and 1.1 cm3 min-1 for 
the tubing with 0.56 and 0.89 mm ID, respectively. The adsorption of LNR, IMI, ACT, and DIM 
on the inner surface of the Norprene tubes was not observed, as evidenced by the fact that the 
difference in the pesticide concentration in the aqueous phase before and after passing the tube 
was within the experimental error (≤ 5%). The amount of TEB adsorbed on the 0.56 mm ID 
tubing was found to be 24 ± 2% at t = 5 min and 9% at t = 20 min pointing out to gradual 
saturation of the surface with TEB. The adsorption of TEB was not observed at t > 20 min, 
probably because the wall of the tubing was fully saturated with TEB. The adsorption of TEB on 
the 0.89 mm ID tubing was 12% at t = 5 min and less than 5% at t = 20 min. The TEB 
adsorption was more pronounced for the narrower bore tubing, due to the higher mass transfer 
coefficient, Fk , of TEB from the bulk of the feed phase to the wall surface. According to Graetz-
Lévêque correlation for laminar flow through cylindrical tube: 331330 .. −∝ tFF dQk , where td  is the 
inner diameter of the tubing. Thus, Fk  was 42% higher for td = 0.56 mm, resulting in the higher 
adsorption of TEB. After pumping the feed solution, the tubing was rinsed with 20 cm3 of water 
using the same flow rate as used for the feed solution. It was found that only 6% of TEB that was 
adsorbed on the tube was removed by rinsing, indicating that 94% of TEB was irreversibly 
adsorbed and the adsorption was completed after 20 min. All experiments in this study were 
carried out using the Norprene tubing presaturated with TEB, so that the TEB adsorption on the 
tubing did not occur. 
4.3. The influence of feed flow rate on pesticide concentration in raffinate 
The feed solution was allowed to pass through the fibers in once-through mode and the 
raffinate was collected at the exit of the contactor (Fig. 1). The acceptor phase was stagnant at 
the shell side of the contactor (in the extracapillary space). The variations of pesticides 
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concentrations in the raffinate (expressed relative to the feed concentration) with time for 
different feed flow rates are shown in Fig. 2. 
The concentration of pesticides in the raffinate at t = 0 was zero, meaning that the pesticides 
were completely removed from the feed stream. At the beginning (t = 0), the pesticides were 
dissolving in the organic phase at the feed/organic phase interface with no diffusion through the 
membrane. Since the interfacial area was limiting, the concentration of pesticides in the organic 
phase near the feed/organic interface increased causing a decrease in the mass transfer rate to the 
membrane interface and corresponding increase in outFC  over time i.e. the ratio of outFC  to inFC  of 
the targeted pesticides increased. In quasi steady-state, the rate of mass transfer to the 
feed/organic interface was in equilibrium with the rate of diffusion away from the interface to the 
interior of the organic phase and outFC  was constant. The time required to establish steady state 
for TEB (Fig. 2(a)) was about 20 min and independent on the flow rate of the feed phase. The 
time to reach the steady state for LNR (Fig. 2 (b)), ACT (Fig. 2(c)), IMI (Fig 2(d)) and DIM (not 
shown here) was between 20 and 100 min and was shorter at the lower feed flow rates. 
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Figure 2. The ratio of the raffinate to the feed concentration for TEB (a), LNR (b), ACT (c), and 
IMI (d) as a function of time at different feed flow rates. The feed phase was passed through the 
fibers and the acceptor phase was stagnant at the shell side. Legend: Feed flow rate (cm3 min-1): 
 - 0.5,  - 0.8,  - 1.1,  - 1.2, and  - 1.8. 
The concentration of pesticides in the raffinate, was found to vary significantly with the 
applied feed flow rate and the log P value of the pesticides. outFC  increased with increasing the 
feed flow rate for all pesticides (Fig. 2). The residence time of the feed stream in the contactor 
for ideal plug flow through the fibers is given by: )/( FiR QLNdt 42π= . The higher the feed flow 
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rate, FQ , the shorter the residence time, Rt , and the smaller the amount of pesticide that can be 
removed from the feed stream. The minimum amount of pesticide in the raffinate (1 to 4.2 mg 
dm-3) was found for the most hydrophobic pesticide, TEB (log P = 4.38), followed by the second 
most hydrophobic pesticide, LNR (log P = 3.12), whose concentration in the raffinate was 4.2 to 
9.1 mg dm-3. From Fig. 2 (c and d), it can be seen that the polar pesticides with log P < 1 (ACT 
and IMI) were present in the raffinate at much higher levels ( outFC  > 14 mg dm-3 after 180 min) 
and the influence of feed flow rate on their extraction was much less pronounced than for the 
pesticides with log P > 1. 
4.4. Removal and extraction efficiency 
The removal efficiency, RE , of the pesticides from the feed solution at quasi steady state was 
calculated using Eq. (1) based on outFC  values measured at different feed flow rates (Fig. 3). The 
removal efficiency decreased linearly with increasing the flow rate of the feed (the R2 values 
ranged from 0.96 to 1.0), which was a type of behavior typical for a feed-controlled membrane-
based solvent extraction.24, 32 The slopes of the ER (%) vs. QF lines in Fig. 3 were -11.4, -16.1, -
22.6, -9.0 and -9.7 min cm-3 for TEB, LNR, DIM, ACT and IMI, respectively. The highest 
removal efficiency (95% at 0.5 cm3 min-1) was obtained for TEB, the most nonpolar pesticide 
used in this work. The effect of the feed flow rate on RE  was more pronounced for nonpolar 
than for polar pesticides. 
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Figure 3. The removal efficiency of the pesticides at quasi steady state as a function of the feed 
flow rate. The acceptor phase was stagnant at the shell side of the contactor. Legend:  - TEB,  
- LNR,  - DIM,  - ACT,  - IMI. 
The extraction efficiency, E, was found by measuring the pesticide concentration in the 
acceptor phase at the end of the extraction process (2.82, 2.01, 0.941, 0.978 and 0.786 ppm for 
TEB, LNR, DIM, ACT and IMI, respectively) and using Eq. (2). The obtained E values were ≤ 
3% for TEB and LNR, and < 1% for DIM, ACT and IMI. It means that the pesticides removed 
from the feed solution were almost completely accumulated in the organic phase. The 
accumulation of LNR and TEB in the organic phase derived from their high partition 
coefficients, resulting in a high loading capacity of the organic phase. E.g., the mass of TEB 
extracted after 180 min at FQ = 1.8 cm3 min-1 was 5.2 mg, assuming that outFC was 4 mg dm-3 and 
constant over time (Fig. 2(a)). The mean concentration of TEB in the feed stream was about 
0.012 mg cm-3, corresponding to the equilibrium concentration of TEB in the organic phase of 
170 mg cm-3. The volume of the organic phase in the contactor was 0.52 cm3 (Table 3) and hence 
the maximum amount of TEB that can be accommodated in the organic phase in the given case 
was 87 mg, which was more than 10 times higher than the amount of TEB removed from the 
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feed stream in 3 h. The amount of polar pesticides removed from the feed stream was much 
smaller (less than 0.6 mg of IMID was extracted after 3 h at 0.5 cm3 min-1), but the loading 
capacity of the organic phase was also smaller. Due to insignificant amount of pesticides stripped 
from the organic phase, the stripping stage was disregarded in the analysis of the overall mass 
transfer coefficient. 
4.5. Mass transfer coefficient and flux of pesticides 
Fig. 4 shows the overall mass transfer coefficient based on the driving force in the feed phase, KF, vs. the feed flow rate, QF, on a log-log scale. KF was calculated from Eq. (5) using steady-
state outFC  values from Figure 2. A least-square regression of the data in Fig. 4 gave the 
following correlations: 
TEB: 510.087.0 FTEB QK ×=   (9)
 
LNR: 573.015.1 FLNR QK ×=   (10)
 
DIM: 612.072.1 FDIM QK ×=   (11)
 
ACT: 544.080.1 FACT QK ×=   (12)
 
IMI:  409.087.1 FIMID QK ×=   (13)
 
Thus, bFF QK ∝  which indicates that 0→FK  when 0→FQ , i.e. the overall mass transfer 
resistance is controlled by the feed phase resistance, FF kK // 11 ≈ , so that FF kK ≈ . The 
correlation coefficients for LNR and TEB (≥ 0.996) are higher than those for polar pesticides 
(0.984, 0.950 and 0.981 for IMI, ACT, and DIM, respectively), indicating that the high solubility 
of LNR and TEB in the organic phase favors the feed-phase control of the mass transfer 
coefficient. The linear relationship between FK  and FQ  in log-log scale for solvent extraction 
systems with high distribution coefficients was reported elsewhere.21,33 The exponent on FQ  in 
Industrial & Engineering Chemistry Research (American Chemical Society, Washington) 
53, No. 12, 4861-4870 (2014) 
 20 
Eqs. (9)-(13) ranges from 0.41 for IMI to 0.61 for DIM, which is greater than 0.33 predicted by 
the Graetz-Lévêque equation for fully developed laminar flow, but below 0.8 predicted by the 
Chilton-Colburn correlation for turbulent flow. 
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Figure 4. The overall mass transfer coefficient of the pesticides as a function of the feed flow 
rate. The acceptor phase was stagnant in the shell. Legend:  - TEB,  - LNR,  - DIM,  - 
ACT,  - IMI. 
The mechanism of extraction of the investigated pesticides is a partitioning effect and the 
stripping at the membrane/acceptor interface can be neglected, as confirmed by low E values. 
Therefore, the mass transfer of the pesticides through SLM takes place in two steps: diffusion of 
the pesticides through the boundary layer of the aqueous feed phase to the feed/organic 
membrane interface and diffusion of pesticides through the organic phase entrapped within the 
membrane pores. Under these conditions, three-phase HF-LLME system can be simplified and 
treated as a two phase extraction system. 
The membrane mass-transfer resistance can be determined graphically from the Wilson plot. 
This method assumes that the overall mass-transfer resistance is controlled by the flow rate of 
the mass-transfer-limiting phase, which, in this case, is the feed phase. The Wilson plot of 1/KF 
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vs 1/𝑄𝐹𝑏 is shown in Fig. 5. The values of b used for calculation of 1/𝑄𝐹𝑏 were taken from Eqs. 
(9)-(13). The intercept on the 1/KF axis represents the mass transfer resistance in the organic 
phase, expMr (the second term in Eq. (3)). As shown in Figure 5 and Table 3, the intercept on the 1/KF axis was virtually zero (≤ 0.7 cm-1 min) for the pesticides with log P > 3 (LNR and TEB), 
indicating that the resistance offered to the mass transfer by the liquid membrane was negligible 
compared to the resistance in the feed stream. The intercepts on the 1/KF axis are 10.0, 16.8 and 
21.2 for DIM, ACT, and IMI, respectively, and indicate existence of significant mass transfer 
resistance in the organic phase.. 
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Figure 5. Wilson plot of FK/1  vs bFQ/1 . Legend:  - TEB,  - LNR,  - DIM,  - ACT,  - 
IMI. 
The membrane mass-transfer coefficient for the targeted pesticides, kM, was calculated using 
Eq. (6) and the Scheibel equation for D,28 based on ε = 0.28, δ = 190 μm, and τ = 2.520 (Table 3). 
The mass transfer resistances in the organic phase ( calcMr ) listed in Table 3 were calculated from 
the fiber diameters, the partition coefficient mF and kM values using Eq. (3). The calcMr  and expMr  
values are of the same order of magnitude and the difference between the experimental values 
obtained from the Wilson plot and the calculated values was negligible for more hydrophobic 
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pesticides (TEB and LNR), but more significant for more polar pesticides, due to the limited 
number of experimental data available and/or uncertainties in the calculated values of D for IMI, 
ACT, and DIM. From Table 3 and Figure 5 it can be seen that the mass transfer resistance of the 
feed phase was the overwhelming resistance in the extraction of TEB and LNR and its 
contribution to the overall mass-transfer resistance (calculated based on expMr ) was 98.3 – 99.1% 
for TEB and 95-97.5% for LNR at feed flow rate from 0.5-1.8 cm3 min-1, respectively. In the 
case of polar pesticides, the impact of membrane resistance on the overall resistance was 
significant. E.g., for IMI a contribution of the membrane resistance to the overall mass transfer 
resistance was 52% at 0.5 cm3 min-1 and 85% at 1.8 cm3 min-1. 
 
Table 3. The overall resistance (R) to the mass transfer of pesticides at QF = 0.5-1.8 cm3 min-1, 
the experimentally determined mass transfer resistance in the organic phase entrapped in the 
membrane pores ( expMr ), the diffusivity (D) of the pesticides in the organic phase calculated using 
Scheibel equation, the mass transfer coefficient in the organic phase entrapped in the membrane 
pores (kM), the partition coefficient (mF), and the calculated mass transfer resistance in the 
organic phase entrapped in the membrane pores ( calcMr ). 
Pesticide R 
cm-1 min 
exp
Mr  
cm-1 min D cm2 s-1 kM cm min-1 mF calcMr  cm-1 min 
IMI 101-62 21.2 3.88×10-6 0.00228 12 53.0 
ACT 90.9-47.6 16.8 3.88×10-6 0.00228 19.9 31.9 
DIM 83.3-38.5 10.0 3.94×10-6 0.0023 27 23.7 
LNR 21.3-10.4 0.52 4.13×10-6 0.0146 1320 0.71 
TEB 10.6-5.46 0.09 3.53×10-6 0.0123 13988 0.084 
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It can be concluded that for low polar pesticides (LNR and TEB), the overall mass transfer in 
the HF-LLME system was controlled by the diffusion in the feed. The mass transfer of these 
compounds across the boundary layer of the feed phase strongly depends on the feed flow rate 
and, consequently, the applied system delivered better performances when the feed flow rate was 
higher. On the other hand, the mass transfer of DMT, ACT, and IMI was predominantly affected 
by the low partition coefficients mF and the impact of the feed flow rate on the flux through the 
membrane was limiting, as shown in Fig. 6. 
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Figure 6. The effect of the feed flow rate on the mean flux of the pesticides across the liquid 
membrane. The acceptor phase was stagnant. Legend:  - TEB,  - LNR,  - DIM,  - ACT,  
- IMI. 
Fig. 6 shows the effect of the feed flow rate on the mean flux (Jm) of the pesticides across the 
membrane. The mean flux was calculated using Eq. (7). A linear relation between the mean flux 
and the feed flow rate was obtained for all investigated pesticides. The mean flux increased by 
increasing the aqueous phase flow rate, which was due to an increase in both FK  and LMC∆ . The 
gradient of the mJ  vs. FQ  lines was higher for non-polar pesticides, due to negligible membrane 
resistance.  
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4.6. Effectiveness of pesticide removal measured in terms of LTU 
Fig. 7 shows the effect of feed flow rate on the length of transfer units (LTU) calculated using 
Eq. (8). High values of LTU show poorly contacted phases (short contact time) or inefficient 
separation.34,35 The more efficient the removal of pesticides from the feed phase, the smaller the 
value of LTU. As the feed phase flow rate decreased, LTU decreased (Fig. 7), reflecting the fact 
that a shorter contactor was needed to achieve a given removal efficiency. The same type of 
relationship between LTU and QF was reported by Prasad and Sirkar34 and Keurentjes et al.36 Fig. 
7 shows that LTUs as low as 1.2 and 2.5 cm were achieved for TEB and LNR at the lowest 
applied flow rate, respectively, which makes HF-LLME a viable alternative to traditional 
processes for the removal of nonpolar pesticides from wastewater streams. The similar values (3-
15 cm) of LTU were reported by Prasad and Sirkar for the extraction of 4-methylthiazole and 4-
cyanothiazole using a commercial 15 cm long Liqui-CelTM module.37 LTUs of polar pesticides 
were much higher than those for TEB and LNR, but the removal efficiency can be improved by 
connecting two or more HF contactors in series or using a more suitable extractant with higher 
partition coefficients of polar pesticides. 
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Figure 7. The effect of the feed flow rate on the length of transfer unit (LTU) in the contactor. 
Legend:  - TEB,  - LNR,  - DIM,  - ACT,  - IMI. 
After the extraction was finished, the membrane was rinsed with methanol using the volume of 
methanol that was 10 times higher than the volume of the membrane pores. The amount of 
pesticides in the effluent was measured after rinsing and it was found that 90% of nonpolar and 
50% of polar pesticides were recovered.  
5. Conclusion 
The applicability of hollow fiber supported liquid membrane extraction has been investigated 
for the removal of selected pesticides from a dilute aqueous solution. The targeted pesticides 
(acetamiprid, dimethoate, imidacloprid, linuron, and tebufenozide) were of different activity and 
polarity (log P = 0.46 - 4.38), and belonged to different chemical classes. The maximum overall 
mass transfer coefficient of KF = 0.18 cm min-1 was obtained for tebufenozide at the feed flow 
rate of 1.8 cm3 min-1. The diffusion through the boundary layer of the feed stream was a rate-
controlling step in the extraction of nonpolar pesticides (linuron and tebufenozide) with a 
negligible effect of the organic phase. The organic phase entrapped in the membrane pores 
contributed significantly to the overall mass transfer rate of polar pesticides (log P < 1.4), due to 
low aqueous/organic partition coefficients. The maximum single-pass removal efficiency of 95% 
was achieved for tebufenozide at the feed flow rate of 0.5 cm3 min-1. The great majority of each 
pesticide removed from the feed stream after 3 h was retained in the organic phase entrapped in 
the membrane pores, but was recovered to a large extent (50 - 90 %) by rinsing the membrane 
with methanol. 
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ABBREVIATIONS 
ACT, acetamiprid; DHE, di-n-hexyl ether; DIM, dimethoate; HF, hollow fiber; IMI, 
imidacloprid; LNR, linuron; LLME, liquid-liquid membrane extraction; LM, liquid membrane; 
SLM, supported liquid membrane; TEB, tebufenozide; TOPO, tri-n-octylphosphine oxide. 
LIST OF SYMBOLS Ai = effective inner surface area of membrane (cm2) 
b = gradient of the line in Figure 4 
CA = concentration of pesticide in the acceptor phase (mg dm-3) 
inFC = inlet concentration of pesticide in feed stream (mg dm-3) 
outFC  = outlet concentration of pesticide in feed stream (mg dm-3) 
LMC∆  log mean concentration driving force in feed stream (mg dm-3) 
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D = diffusivity of pesticide in organic phase (cm2 s-1) 
di = inner diameter of a hollow fiber (cm) 
do = outer diameter of a hollow fiber (cm) dLM = log mean diameter of a hollow fiber (cm) dt = inner diameter of tubing (cm) 
E = extraction efficiency 
ER = removal efficiency Jm = mean flux of pesticide (mol cm-2 min-1) kA = mass transfer coefficient for the acceptor phase (cm min-1) KF = overall mass-transfer coefficient based on the feed phase (cm min-1) kF = mass transfer coefficient for the feed phase (cm min-1) kM = mass transfer coefficient for the organic phase entrapped in the membrane pores (cm min-1) L = effective length of a hollow fiber (cm) LTU = length of transfer unit (cm) mA = partition coefficient of a pesticide between organic and acceptor phase mF = partition coefficient of a pesticide between organic and feed phase N = number of hollow fibers in contactor 
An  = number of moles of pesticide in the acceptor phase (mol) 
inFn  = initial number of moles of pesticide in feed phase (mol) NTU = number of transfer units QF  = feed flow rate (cm3 min-1) R = overall mass transfer resistance (cm-1 min) rF  = mass transfer resistance in the feed stream (cm-1 min) 
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rM = mass transfer resistance in the organic phase entrapped in the membrane pores (cm-1 min) t = extraction time (min) 
tR = the residence time of the feed stream (min) VA = volume of the acceptor phase (cm3) VF = volume of the feed phase (cm3) 
Greek Symbols 
δ = membrane thickness (cm) 
ε = membrane porosity 
τ = tortuosity of membrane pores 
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